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PRELlMINAFH ANALYSIS OF PLASMA-SHEATH ELECTRON DENSITY 

MEASUREMENTS AT ENTRY VELOCITIES* 

By William L. Grantham 
Langley Research Center 

SUMMARY 

The experimental payload launched from the NASA Wallops Station, April 10, 
1964, achieved a maximum velocity of 18,143 ft/sec during the ascending portion 
of the flight. A three-frequency microwave reflectometer system in the payload 
measured the plasma-sheath electron density and standoff distance at discrete 
locations along the RAM (radio attenuation measurement) B3 vehicle. 
flight diagnostic measurements were made to determine the applicability of var- 
ious theoretical concepts used for defining reentry plasma characteristics in 
the velocity region of 10,000 to 20,000 ft/sec. 

The in- 

A heat-sink ty-pe of nose cone was used to keep the plasma free of ablation 
products during the data period. The nose cone of the RAM B3 had a hemispher- 
ical 4-inch radius and a 90 half-angle afterbody. 
reflectometer measurement technique and the results of some ground tests using 
the reflectometer are given. 
from approximate calculations in some altitude-velocity regions. This deviation 
may be due to boundary-layer and finite-rate chemical processes. 
judgment of vhether theory agrees with the flight. data must await frnite-rate 
chemical calculations. 

A brief description of the 

The in-flight plasma measurements given deviate 

A detailed 

INTRODUCTION 

The problem of radio blackout during reentry, caused by free electrons in 
the flow field of the spacecraft, has been studied for a number of years. 
refs. 1, 2, and 3 . )  
into three main areas: 
the interaction of electromagnetic waves with the plasma (refs. 7, 8, and 9) ,  
and the alleviation of radio blackout (refs. 10, 11, and 12). 

(See 
The study of the radio blackout problem can be divided 

the calculation of plasma parameters (refs. 4, 5 ,  and 6), 

Much information has been obtained about the reentry plasma sheath from 
ground facilities such as shock tubes and wind tunnels. The interaction of 
electromagnetic waves with reentry plasmas and methods of eliminating radio 
blackout have both been studied successfully at the Langley Research Center in 
a series of rocket flight experiments and ground tests designated Project RAM 
(radio attenuation measurements). 

Title, Unclassified. 
(See refs. 10 to 13.) The RAM B3 flight 
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experiment, w a s  designed spec i f ica l ly  t o  study plasma parameters i n  an e f f o r t  
t o  understand reentry plasma physics b e t t e r  and t o  improve t h e  calculat ions of 
radio blackout times. 
measure in- f l igh t  plasma parameters i n  the  ve loc i ty  region of 10,000 t o  
20,000 f t / s e c  by using microwave reflectometers operating i n  t h e  L-,  S-, and 
X-bands . 

In  par t icu lar ,  t h e  RAM B3 experiment w a s  designed t o  

The microwave reflectometer measurement technique used t o  determine t h e  
f l i g h t  plasma-electron density u t i l i z e d  the  r e f l e c t i v e  nature of t h e  plasma. 
This technique, o r  methods s imilar  t o  it, has been used fo r  plasma diagnosis of 
laboratory plasmas for some t i m e .  (See r e f s .  1 4  t o  17.) Since the  reflectom- 
e t e r  technique i s  based on the  well-known in te rac t ion  theory of electromagnetic 
waves and plasmas, only the  appl icat ion of t he  in t e rac t ion  f o r  measuring elec- 
t ron  density w i l l  be discussed. 

SYMBOLS 

f frequency, cps 

N e  e lectron density per  cubic centimeter 

X/D body s t a t ion  normalized t o  nose diameter 

1 distance along transmission path,  cm 

P power r e f l ec t ion  coef f ic ien t  

Subscripts : 

c r  c r i t i c a l  

1,273 frequency f o r  L-, S-, and X-bands, respect ively 

DESCRIPTION OF APPARATUS 

Vehicle 

The RAM B3 booster vehicle  consisted of a Castor motor as the  first stage,  
an Antares motor as the  second stage,  and an Alcor motor as t h e  t h i r d  s tage.  
The payload nose cone had a hemispherical 4-inch radius nose with a 9' ha l f -  

contamination of t he  flow f i e l d .  
obtained with two spin motors and canted f i n s  s t a b i l i z e d  t h e  vehicle .  The angle 
of a t tack  of the vehicle w a s  kept below 5 O  during f l i g h t .  Figure 1 i s  a drawing 
of the  vehicle.  

angle afterbody and w a s  made of beryllium f o r  hea t  protect ion and f o r  minimum '. 
A spin of about 3 revolutions per  second 

.. 
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Reflectometer System 

A block diagram i s  shown i n  f igure 2 of t he  L-, S-, and X-band f l i g h t  sys- 
tems. The L- and S-band systems are schematically iden t i ca l .  The basic  meas- 
urements a re  forward power, re f lec ted  power, and probe voltages i n  the  main 
transmission l i n e .  Antenna locations used i n  f l i g h t  are  shown i n  f igure  3. 
Two antennas are used fo r  each microwave frequency. A coaxial  switch a l t e r -  
nately t r ans fe r s  t he  microwave power from one antenna t o  t he  other i n  order t o  
increase the  number of data points avai lable  from each frequency used. 

The S- and X-band antennas located on the  forward port ion of the  vehicle 
were open-ended c i r cu la r  waveguides with half  -wavelength quartz windows. 
f i g .  4 . )  
f l i g h t .  
under high temperatures. 
with a protect ive d i e l ec t r i c .  

(See 
The quartz windows reached a temperature of about 2500° F during the  

Qual i f icat ion t e s t s  have shown these antennas t o  function properly 
The L-band antennas were T-fed s l o t s  and were covered 

EXPERIMENTAL METHODS 

During the  ascending portion of the f l i g h t ,  t he  flow-field electron density 

A microwave reflectometer system w a s  used t o  moni- 
increased t o  a m a x i m u m  value and then decreased t o  zero as t h e  vehicle ex i ted  
from t h e  ear th’s  atmosphere. 
t o r  t h e  occurrence and decay of t h e  c r i t i c a l  e lectron density f o r  t he  L-, S-, 
and X-band microwave frequencies used. 
c r i t i c a l  e lectron density i s  given by the  equation 

For a given microwave frequency the  

- f 2  e lectrons 
3 108 cm 

Ne,cr -- 

The p r inc ip l e  of t he  reflectometer measurements technique can be seen i n  f i g -  
ure 5.  
The p l o t  of t he  var ia t ion  of power r e f l ec t ion  coef f ic ien t  with plasma-electron 
densi ty  ind ica tes  by the  sharp increase i n  r e f l ec t ion  when t h e  plasma-electron 
densi ty  exceeds c r i t i c a l  density.  
r e f l ec t ed  only if i t s  c r i t i c a l  e lectron density ex i s t s  i n  the  plasma. 
of wave-plasma in te rac t ion  i s  typ ica l  when the  electron co l l i s ion  frequency i s  
low. 

The reflectometer measures the amount of power r e f l ec t ed  by the  plasma. 

The wave transmitted t o  t h e  plasma i s  t o t a l l y  
This type 

The use of t he  reflectometer pr inc ip le  f o r  measuring in - f l i gh t  plasma- 

The 
e lec t ron  dens i t ies  can be seen i n  figure 6. 
a t y p i c a l  peak electron-density t i m e  h i s tory  f o r  a given body s t a t ion .  
plasma re f l ec t ion  coef f ic ien t  i s  measured as a function of t i m e  of f l i g h t .  
When r e f l ec t ion  occurs, t he  m a x i m u m  electron density i n  the  flow f i e l d  a t  t h a t  
body s t a t i o n  equals t he  c r i t i c a l  density of t he  electromagnetic frequency used. 
When r e f l ec t ion  decreases sharply, c r i t i c a l  density has decayed a t  t h a t  body 
s t a t ion .  The t i m e s  of onset and decay of r e f l ec t ion  are t h e  data points  and 
a r e  governed pr imari ly  by the  electron densi ty  i n  the  flow f i e l d .  Other f ac to r s  
which a f f e c t  t he  t i m e  of onset and decay of r e f l ec t ion  are t h e  plasma thickness,  

A t  t h e  top of t h e  f igure  i s  shown 
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the  electron-molecule co l l i s ion  frequency, and t h e  electron-density gradients .  
The experiment w a s  designed so t h a t  parameters other  than electron density do 
not ser iously a f f ec t  the accuracy of the  measurement; t h a t  i s ,  the microwave 
frequencies used f o r  the  f l i g h t  experiment were such t h a t  e r r o r s  due t o  plasma 
thickness and co l l i s ion  frequency were minimized. Strong electron-density 
gradients were expected t o  e x i s t  along the  RAM vehicle and thus across the 
reflectometer antennas. Pa r t i cu la r  a t t en t ion  w a s  therefore  given t o  the design 
of the  antennas so t h a t  e lectron dens i t ies  could be measured over small areas  
along which longitudinal var ia t ions  of plasma cha rac t e r i s t i c s  would be negl ig i -  
b le .  The antennas used were open-ended waveguides operating i n  the  T E l l  mode 

(TE10 
aperture ( r e f .  IS), and the  e l e c t r i c  f i e l d  of t h e  antennas w a s  or iented normal 
t o  the  body axis .  
antenna high resolution a b i l i t y  and thus minimized the  measurement e r ro r s  due 
t o  gradients  along the  body. 
k3O-percent e r ror  i n  the  electron-density measurement should be typ ica l  of t he  
f l i g h t  data. 

mode for  L-band), which loca tes  the  peak energy i n  t he  center  of the  

The combination of mode and f i e l d  d i rec t ion  used gave the  

A preliminary e r r o r  analysis  ind ica tes  t h a t  

The reflectometer antennas w e r e  located such t h a t  they monitored plasma- 
electron density under two d i f f e ren t  gas conditions: F i r s t ,  near stagnation 
(X/D = 0.1475) where a t  low a l t i t u d e s  the  values of e lectron density can be ca l -  
culated within close l i m i t s  (uncer ta in t ies  due t o  chemical k ine t i c s  a r e  not 
la rge  a t  low a l t i t u d e s )  and therefore ,  agreement i s  expected between measured 
and calculated values; second, on the  RAM afterbody (X/D = 0.6, 3.4, 4.5) where 
the  influence of f i n i t e  react ion r a t e s  i s  much stronger.  
nonequilibrium would be expected t o  predominate throughout t he  flow. 
ments made under these conditions should allow thorough evaluation of various 
theo re t i ca l  approaches used fo r  defining the  plasma cha rac t e r i s t i c s .  

A t  t he  higher a l t i t u d e s  
Measure- 

The phase of the r e f l ec t ed  wave was monitored during f l i g h t ,  with nondirec- 
t i o n a l p r o b e s  t o  determine the  dis tance from t h e  vehicle surface t o  the  c r i t i c a l -  
density boundary. 
distance between the  vehicle surface and the  c r i t i ca l -dens i ty  boundary. The 
pr inc ip le  of t h i s  measurement i s  shown i n  figure 7. If  the r e f l e c t i n g  boundary 
( c r i t i ca l -dens i ty  boundary) moves a dis tance A2 with respect t o  the  t r ans -  
mit t ing antenna, t he  standing wave envelope shifts the  same amount. With proper 
ca l ibra t ion ,  the voltage change a t  e i t h e r  of t h e  sampling probes would ind ica te  
the  standoff distance of the  r e f l ec t ing  boundary. The pos i t ion  of t h e  probes 
with respect  t o  the  standing-wave-envelope n u l l  determines t h e i r  r a t e  of voltage 
change with respect t o  the  r e f l e c t o r  dis tance and, thus,  determines the  accuracy 
of t he  measurement. Two probes a r e  employed one-quarter wavelength apar t  so 
t h a t ,  a t  any time, one of t he  two probes w i l l  be i n  an accurate measurement 
region. 
t e m s  and have not ye t  been f u l l y  analyzed. 

The phase of t he  r e f l ec t ed  wave i s  p a r t l y  determined by t h e  

Phase measurements were made during f l i g h t  with t h e  L- and S-band sys- 

The reflectometer pr inc ip le  discussed earlier assumes t h e  plasma t o  be i n  
w i n g  f l i g h t ,  however, the  plasma the  f a r  f i e l d  of the t ransmit t ing antenna. 

was i n  t he  near f i e l d  of t he  reflectometer antennas. It w a s  therefore  necessary Y 

t o  qual i fy  the  f l i g h t  antennas by determining whether near-f ie ld  plasma measure- 
ments would agree with f a r - f i e l d  theo re t i ca l  values.  
qual i fy  the  antennas. F i r s t ,  a s e r i e s  of rocket-exhaust plasma measurements, 

Two tests w e r e  made t o  
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using a f l i g h t  type of reflectometer system, were made i n  t he  41-foot-diameter 
vacuum sphere a t  the  Langley Research Center. The reflectometer system was 
packaged i n t o  a nose cone with a 1-inch radius nose and a 90 half-angle a f t e r -  
body. A t r o l l e y  was used t o  move the rocket motor so  tha t  i t s  
ionized exhaust plume would periodically engulf the reflectometer model. The 
rocket-exhaust t es t  simulates t he  near-f ie ld  measurement conditions of f l i g h t .  
The r e s u l t s  of th ree  rocket-exhaust t e s t s  showed good repea tab i l i ty  of the  
plasma and agreement between the  calculated ( r e f .  19) and measured electron 
density within a f ac to r  of two. Transmission s ignal- loss  measurements were 
a l so  made during the  reflectometer t e s t s  and the  r e s u l t s  agree with t,he r e f l ec -  
tometer measurements. The second near-f ie ld  qua l i f ica t ion  t e s t  was made by 
placing t h i n  d i e l e c t r i c  slabs (plasma simulators) over t he  antennas and comparing 
the  near - f ie ld  re f lec t ion  coef f ic ien t  with the  calculated f a r - f i e l d  coef f ic ien t .  
Similar qua l i f ica t ion  tests were made i n  reference 16. The calculated and meas- 
ured r e f l ec t ion  coef f ic ien ts  agreed very w e l l ,  and the  r e s u l t s  of t he  t e s t  a t  
X-band are shown i n  f igure  9. The close agreement of f a r - f i e l d  calculat ion and 
near-f ie ld  measurements indicates  t h a t  t h e  f a r - f i e l d  theory can be used t o  
in t e rp re t  t he  near-f ie ld  f l i g h t  measurements. 

(See f i g .  8.)  

RESULTS AND DISCUSSION 

The ascending f l i g h t  t r a j ec to ry  achieved by the  RAM reflectometer payioad 
i s  shown i n  figure 10. A n  a l t i t u d e  t i m e  h i s to ry  i s  shown i n  f igure  11. For 
preliminary comparison of t he  diagnostic data some approximate plasma calcula- 
t i ons  were made t o  show the t rend  of f l i g h t  data;  i n  pa r t i cu la r ,  inv isc id  flow 
f i e l d  calculat ions have been made a t  the four  reflectometer antenna locat ions 
by using t h e  RAM f l i g h t  t ra jec tory .  
conditions: equilibrium flow and frozen flow (gas consti tuents are frozen a t  
stagnation and allowed t o  expand t o  t h e  a f t  region) .  
uate  t h e  flow f i e l d  i s  the  same as that  used i n  reference 20 with the  exception 
t h a t  t h e  l o c a l  body-pressure coeff ic ients  d i c t a t e  t he  sca l ing  f ac to r  ra ther  
than ab ien t -p res su re  coeff ic ients .  It would be necessary, however, t o  make 
f i n i t e - r a t e  calculat ions before quant i ta t ive comparisons o r  conclusive deduc- 
t i ons  can be made. Plasma-sheath calculat ions of peak electron density i n  t h e  
flow f i e l d  are shown with t h e  reflectometer f l ight  measurements i n  f igures  12. 

The calculat ions were made f o r  two gas 

The method used t o  eval- 

When t h e  theo re t i ca l  e lectron dens i t ies  given i n  f igures  12 are compared 
with t h e  in - f l i gh t  measurements, it i s  important t o  keep i n  mind t h a t :  

(1) The calculat ions a re  f o r  inv isc id  flow (no boundary l aye r )  and a re  f o r  
two gas conditions: equilibrium and frozen flow. 

(2 )  The measured electron densi t ies  near stagnation should correspond most 
c lose ly  with equilibrium values except a t  very high a l t i t u d e s  where there  may 
not be su f f i c i en t  gas co l l i s ions  t o  es tab l i sh  equilibrium conditions. 

(3)  Electron concentrations i n  t h e  a f t  port ion of t he  flow f i e l d  a re ,  i n  
p a r t ,  governed by t h e  ac tua l  concentration a t  stagnation; therefore ,  before any 
ana lys i s  can be applied t o  the a f t  body electron-density measurements the  ca l -  
cu la t ions  and measurements should agree near t h e  stagnation region. 
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I n  f igure  12( a ) ,  t he  g rea t e s t  discrepancy between measured and ca lcu la ted  
e lec t ron  dens i t ies  i s  seen t o  be a t  the  h igh-a l t i tude  point  of 202 seconds. 
The measured electron density a t  t h a t  t i m e  w a s  a f ac to r  of about fou r  below the 
calculated equilibrium value. A de ta i l ed  judgment of whether theory agrees 
with the  da ta  points  given i n  f igures  12 must a w a i t  ca lcu la t ions  which include 
boundary-layer and f i n i t e - r a t e  chemical e f f e c t s .  

CONCLUDING REMARKS 

A plasma diagnostic f l i g h t  experiment has been conducted t o  determine the  
a p p l i c a b i l i t y  of various t h e o r e t i c a l  concepts used i n  defining reent ry  plasma- 
sheath cha rac t e r i s t i c s .  Microwave reflectometer techniques were used during 
the  f l i g h t  t o  measure the  flow-field e lec t ron  density. The electromagnetic 
frequencies used f o r  t h e  diagnostic experiment were a t  L-, S-, and X-bands and 
a l l  frequencies were r e f l ec t ed  by t h e  plasma sheath during t h e  da ta  period. 
The comparison of f l i g h t  data with ca lcu la t ions  based on approximate plasma- 
sheath models indicates  t h a t  a more comprehensive t h e o r e t i c a l  approach i s  
required. A more de ta i led  judgment of whether theory agrees with t h e  f l i g h t  
data must await ca lcu la t ions  which include boundary-layer and f i n i t e - r a t e  chem- 
i c a l  e f f e c t s .  

Langley Research Center, 
National Aeronautics and  Space Administration, 

Langley S ta t ion ,  Hampton, V a . ,  August 4, 1964. 
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Figure 2.- Reflectometer flight system. 
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Figure 3.- Reflectometer antenna locations. 



Figure 4.- S-band and X-band flight antenna assemblies. L-63-5157.1 
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Figure 5.- Reflectometer pr inc ip le .  
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Figure 6.  - Application of the reflectometer principle f o r  f l i ght  electron density measurements. 
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Figure 7.- Measurement of reflecting-boundary standoff distance. 
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Figure 9.- Typical antenna response t o  d i e l ec t r i c  re f lec tors .  f3 = 10,044 mc. 
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